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A B S T R A C T
There is an unmet need for new cardiovascular biomarkers. Despite this only few biomarkers for the
diagnosis or screening of cardiovascular diseases have been implemented in the clinic. Thousands of
proteins can be analysed in plasma by mass spectrometry-based proteomics technologies. Therefore, this
technology may therefore identify new biomarkers that previously have not been associated with
cardiovascular diseases. In this review, we summarize the key challenges and considerations, including
strategies, recent discoveries and clinical applications in cardiovascular proteomics that may lead to the
discovery of novel cardiovascular biomarkers.
ã 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction
Cardiovascular disease (CVD) refers to any disease that affects
the cardiovascular system such as cardiac disease, vascular
diseases of the brain and kidney, and peripheral arterial disease.
The underlying pathology is often atherosclerosis, but may also
relate to other changes in the arterial systems (i.e. aneurysms,
increased stiffness) and different pathologies in the heart as well
(valvular alterations, cardiomyopathies etc.). CVD is the most
common cause of mortality in the western countries and the
prediction of cardiovascular events most often relies on the
monitoring of prevalent risk factors such as smoking habits,
diabetes, hyperlipidemia and hypertension [1]. Today, the corner-
stone diagnosis and monitoring of CVD among individuals are
clinical assessment of patients, imaging modalities together with
electrocardiography (EGG). Moreover, the prevention of CVD is
based on a strict management of the traditional risk factors of CVD;
smoking, diabetes, hyperlipidemia, and hypertension. Although
successful risk diminishing and effective treatment is available this
strategy is not viable for all CVD. For example, the majority of
individuals who actually develop manifest coronary heart disease
have rarely more than one of the conventional risk factors and thus
falls in to the low risk or intermediate risk group, which
complicates the risk stratiﬁcation before manifest disease occur
[2]. Therefore new proteomic biomarkers are needed to support
the information obtained from the conventional risk factors to
improve the stratiﬁcation of patients and to provide treatment at a
personalized level. The recent advances in method development,
bioinformatics and instrument speed, sensitivity, resolution and
dynamic range of mass spectrometers used in proteomics hold
the promise that the proteomics ﬁeld will be a signiﬁcant
contributor of plasma markers enabling the prediction of early
onset of CVD and treatment of the speciﬁc CVD at a personalized
level.
In present work we summarize the proteomics platforms
applied in cardiovascular plasma proteomics and also review the
recent achievement in plasma proteomics related to cardiovascular
diseases that may lead to new protein biomarkers with the
potential for developing into a future clinical protein test.
2. Biomarkers for cardiovascular disease
A biomarker may serve a variety of functions when used in a
clinical context. It has been deﬁned as a “characteristic that is
objectively measured and evaluated as an indicator of normal
biological processes, pathogenic processes, or pharmacologic
responses to therapeutic intervention” [3] and serve various
functions corresponding to different stages in disease evolution.
Thus, biomarkers may be considered as indicators of disease trait
(risk factor or risk marker), disease state (preclinical of clinical), or
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disease rate (progression) [4]. Therefore, biomarkers can be
grouped into (1) risk stratiﬁcation biomarkers (identifying the
risk of developing a disease), (2) screening biomarkers (screening
for subclinical diseases), (3) diagnostic biomarkers (recognizing
overt disease), (4) staging biomarkers (categorizing disease
severity), or (5) prognostic biomarkers (predicting future disease
course, recurrence and therapy response) [3]. A biomarker for CVD
is not limited to a speciﬁc molecule (e.g. protein, RNA, or a
metabolite) measured in a biological sample such as body ﬂuids
(plasma, urine, cerebrospinal ﬂuids) or tissue, but may also be a
recording of physical parameters such as a person’s blood pressure,
electrocardiogram, echocardiogram or computerized tomography
(CT) scan.
Ideally, a biomarker for a CVD should enhance the ability of the
clinician to manage the patient in an optimal way. Although
proteomics technologies can identify and quantify thousands of
proteins and several studies have proposed a variety of protein
biomarkers for CVD only a limited number of plasma or serum
biomarkers have been implemented successfully into cardiology
practice – most of them being of diagnostic markers (Table 1).
These include, for example, the myocardium-speciﬁc structural
proteins troponin I and troponin T for the diagnosis of myocardial
injury [5] and B-type natriuretic peptide (BNP) that is a hormone
released from the ventricles during myocardial stress and used for
the diagnosis and management of acute congestive heart failure.
They form the cornerstone for the diagnosis of myocardial
infarction and myocardial stress. Moreover, it has been demon-
strated that – when measured with high sensitive assays – these
markers have the potential to be risk prediction markers. In fact,
several studies have demonstrated that within the reference level
there is a risk gradient corresponding to an increased risk of an
adverse cardiac event with increased troponin levels [6–8].
However, none of the routinely used protein biomarkers for
CVD have initially been found in proteomics discovery
experiments.
3. The plasma proteome – the never-ending challenge
Circulating blood is a convenient source for sampling and can be
collected without any interventional procedures. This is probably
the main reason that most proteomic biomarker discovery studies
have been done on circulating biomarkers and not on site-speciﬁc
blood samples. Although advantageous, this has also some
serious drawbacks; the discovered biomarkers – unless organ or
disease-speciﬁc like troponin T for myocardial damage – may
reﬂect the disease state of any organ in the body. Moreover, the
circulating biomarker will also suffer from a poor signal-to-noise
ratio. This may lead to poor predictive value and limited clinical use
of the identiﬁed biomarker. Signal-to-noise ratio can be increased
by sampling the blood distal to the diseased tissue, where the
biomarker concentration most probably will be highest [9]. This
strategy for blood sampling requires an interventional procedure
and will not be feasible in most plasma biomarker discovery
projects.
The most challenging feature of the plasma proteome with
respect to proteomics biomarker discovery, however, is the
presence of an exceptional wide concentration range of the
proteins comprising this proteome. Today, more than 10,000
proteins have been identiﬁed in human plasma (http://www.
plasmaproteomedatabase.org). The extreme concentration range
of proteins (12 orders of magnitude) ranging from >600 mM to the
low femtomolar level per litre of blood [10] and the set of
extremely high abundant proteins (such as serum albumin,
immunoglobulins and complement factors) that constitute more
than 99% of the total protein amount makes the plasma proteome
to the most heterogeneous and complex sub-proteome of the
human body [11,12]. As a consequence, discovering and validating
novel protein biomarkers for CVD such as atherosclerosis in plasma
is very challenging. This dramatically impacts the results that can
be obtained by proteomic discovery experiments on plasma
samples that should not be compared with the results from
proteomic discovery studies on tissue or cell models with the
respect to number of identiﬁed and quantiﬁed proteins. These facts
have driven the evolvement of several proteomic experimental
approaches that have been applied for the discovery of new plasma
biomarkers for CVD diseases. Many of these have applied highly
advanced analytical strategies to overcome the two major
obstacles in plasma discovery proteomics; the complexity of
plasma (number of proteins and the presence of many post-
translational modiﬁed proteins) and the extreme dynamic range of
plasma proteins conﬁning the number of identiﬁable and
quantiﬁable proteins. Another important issue is the number of
Table 1
Commonly used diagnostic and prognostic plasma protein biomarkers for cardiovascular diseases.
Protein
biomarker
Origin Pathology Use References
Brian
natriuretic
peptide (BNP)
Secreted from membrane granules in
the cardiac ventricles – cardiac speciﬁc
Congestive heart failure, acute coronary syndrome Diagnostic,
prognostic
[61,62–64]
Troponin T
(TnT)
Cardiac-speciﬁc isoform, released upon
myocardial injury
AMI, myocardial injury Diagnostic [65,66]
Troponin I (TnI) Cardiac-speciﬁc isoform, released upon
myocardial injury
AMI, myocardial injury Diagnostic [65,66]
Creatinine
kinase/CK-
MB
Primarily released from the cardiac
muscle-not tissue speciﬁc
AMI, myocardial necrosis Diagnostic [67]
C-reactive
protein
Liver-produced non-speciﬁc acute-
phase reactant
Atheromatic plaque vulnerability, coronary artery disease, coronary
vasospasm, left ventricular dysfunction, angina pectoris, myocardial
infarction.
Screen for risk of
CVD
[68–70]
Myoglobin Cardiac muscle – tissue unspeciﬁc Tissue necrosis, AMI, MI Diagnostic [71]
Apolipoprotein
(A)
Liver, intestine None Prognostic,
screen for risk of
CVD
[72–74]
Apolipoprotein
(a)
Liver, intestine None Prognostic,
screen for risk of
CVD
[72–74]
Apolipoprotein-
B100
Liver None Prognostic,
screen for risk of
CVD
[75,76]
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samples (individuals) to be included in a study and if data about
biological variation should be addressed already in the initial
discovery experiments. Most plasma proteome studies rely on
mixing of individual samples, i.e. typically pooling of samples from
healthy individuals and samples from diseased and comparing
proteins in the two pooled samples by proteomics in an unbiased
and quantitative manner. This approach does however not give
information on biological variations of the individual protein
concentrations. Since some highly relevant biomarkers display low
inter-individual variation and only small differences in average
values between cases and controls (for example albumin as a
marker for disease activity in many diseases) [13], and since many
proteins have extremely high inter-individual variation and may
display apparently large (but insigniﬁcant) fold changes between
different groups [14], both false positive and false negative results
occur in typical pooling experiments. It is therefore important to
take biological variation into account at a point in the biomarker
discovery pipeline, optimally as early as possible. Nevertheless,
only a minor part of studies rely on the quantitative proteomic
analysis of a number of individual samples (often a limited
number), which gives some insight into biological variation. In any
case, follow-up studies, where a number of potential candidates
are quantitated by immunoassay or multiplexed MRM, are needed
to ensure that selected candidate biomarker proteins can be
validated. Thus, with the present most used approach, which
include pooling of samples in the initial steps of the proteomic
discovery design, it is likely that many potentially clinical useful
biomarkers with relative small absolute differences between
groups are not considered due to false-negative neglections based
only on fold changes.
4. Important considerations for the experimental design of a
plasma proteome study
A plethora of pre-analytical variables inﬂuence the outcome of
the ﬁnal discovery analysis of a plasma sample, and the lack of
standardized procedures in all pre-analytical steps account for the
vast majority of errors during this process. Hence, for a successful
production of validated plasma biomarkers utmost attention
should be paid on the process of blood collection, the nature of
the sample container, lag-time prior to sample processing,
temperature (storage conditions and no. of freeze–thaw cycles),
and processing [15]. For example, the needs for pre-analytical
standardization was demonstrated by Marshall et al. [16] in a study
where MALDI-TOF was used for the analysis of blood samples from
patients with myocardial infarction. They found that the detected
changes in the protein proﬁles were caused by protease activities
rather than a result of the disease processes. It should also be noted
that the type of sample and sample processing may be quite
different in the different phases of biomarker development and
biomarker validation. For example, a typical plasma proteome
discovery project includes multiple sample processing steps such
as depletion, enrichment, chemical labelling, and pre-fractionation
prior to MS analysis (Fig. 1). By contrast, the sample processing in
the validation phase applying multiple reaction monitoring mass
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Fig. 1. Schematic representation of recent proteomic experimental strategies oriented to the identiﬁcation of plasma biomarker of CVD.
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spectrometry (MRM) most often only include the ﬁnal sample
processing step of the discovery phase: reduction and alkylation
followed by proteolytic cleavage [14].
Furthermore, features that are unique to cardiovascular
conditions will also inﬂuence the overall experimental setup for
a given study. A chronic condition that has evolved over decades
may often lead to an altered gene expression and therefore also a
change in the plasma protein levels of speciﬁc plasma proteins
produced by the liver or proteins related to the endothelial cells,
arterial smooth muscle cells or the extracellular matrix of the
arterial matrix. For example, atherosclerosis evolves over decade
with an equivalent slow change in the composition of the arterial
protein matrix and plasma protein composition. Here, the timing
of sampling is less important. By contrast, in acute cardiac
conditions or when acute insults induce rapid post-translational
modiﬁcations (PTM) of pre-existing proteins, the promptness of
the plasma proteome modulation should be taken into account and
the timing for collecting becomes more critical. Ideally, blood
samples should be collected before under and after the onset of the
disease allowing each subject to serve as its own control. For
example, in a study aiming the identiﬁcation of early biomarkers of
cardiac injury blood samples were collected directly from the
hearts of patients undergoing a planned myocardial infarction for
treatment of hypertrophic cardiomyopathy hearts, before, during
and after a controlled myocardial injury [17]. This design secured
the enrichment for candidate protein biomarkers of myocardial
infarction and concomitant proteomic analysis revealed more than
100 novel candidates for this disease by a label-free, relative
quantiﬁcation approach. A targeted proteomic approach based on
accurate inclusion mass screening actually qualiﬁed a fraction of
these candidates in peripheral plasma. A veriﬁcation study of
peripheral plasma from controls and patients with planned
myocardial infarction or spontaneous myocardial infarction by
MRM or immunoassays suggested a speciﬁcity of the analysed
markers towards myocardial infarction. Another important cause
of variation to be considered in proteomic plasma biomarker
discovery is the biological variation (between subject variation) for
a speciﬁc plasma protein within the individuals (case and control
group) of the study on top of the experimental variation of the
proteomic platform applied in the study. In ideal cases both
the baseline variation over time within individual and also the
variation between multiple individuals for each of the analysed
plasma proteins are determined. Practically, this is a rare case in
plasma proteome discovery studies as these most often are
performed on pooled samples (pool of samples from healthy
individuals’ vs. group of diseased). Pools are then analysed with
technical replicates or a rather low number of individual samples
(healthy and diseased analysed individually). Candidate biomark-
ers are given by a pre-deﬁned ratio (most often a factor of 1.5–2)
relative to the pooled sample from healthy individuals or by
statistical evaluation of relative peptide ratios [18]. This approach
results in the identiﬁcation of several biomarker candidates in
typical discovery experiments. There is a risk, however, that the
selected biomarker candidates will turn out to be not statistical
signiﬁcant due to the high inter-individual variation in protein
abundance among the samples analysed or that the sample pooling
will push individual proteins below the detection limit of the
applied technology [19]. Moreover, it is also possible that this
approach will exclude further investigations of candidates, which
may be important since many relevant biochemical changes in
plasma components does not necessarily show high fold change
differences between healthy and disease. In cell models or tissue
samples a typical proteomic experiment often quantiﬁes
>2000 proteins. Of them many hundreds meet the pre-deﬁned
criteria for a potential biomarker candidate that should be
considered for further evaluation using targeted quantitative
approached such as MRM or immuno-chemical methods (ELISA) in
a rather large patient cohort as a ﬁrst step of validation. This
strategy is in many cases not viable due to very high cost and
enormous workload required for validating this number of
candidate with the current standard methods (MRM and/or ELISA).
Therefore, the list with candidates is reduced by means of
bioinformatics analysis to identify likely disease-relevant candi-
dates, by selecting on the basis of an intellectual assessment by the
researcher, or simply just by selecting the most regulated ones.
Each of the three mentioned approaches will result in an erroneous
exclusion of “real” disease-relevant candidate markers thus
leading to the selection of a relative high number of “false
positive” candidates for further validation. This is mainly because
the selection biased due to “expected” ﬁndings or the fact that the
regulation of disease-relevant protein markers not necessarily
correlate with pathological impact. Therefore it may be advanta-
geous that the proteomic discovery experimental setup is based on
samples from individuals instead of pooling samples. The major
advantages of this approach is a signiﬁcant reduction in “false
positive” candidates as the biomarker candidate is selected on the
basis of statistical signiﬁcance that also take technical and inter
individual variation into account. This can in principle be done by
both label-free methods and labelling-based methods. Label-free
methods include spectral methods (counting the number of
peptide assigned to a protein in an MS/MS experiment) or area
under curve (AUC)/signal intensity measurements based on
precursor ion spectra [20,21] whereas common labelling methods
include dimethyl labelling [22] and isobaric tags for relative and
absolute quantitation (iTRAQ, TMT) [23,24].
A viable and affordable experimental labelling approach is to
apply an amine reactive mass tag-based strategy that in addition
to, samples from individuals (healthy and diseased) included in the
study also includes an internal standard (a laboratory control
sample, e.g. a pool of all samples to be analysed in the study or a
pool of the healthy or diseased individual of the study). Currently,
this chemistry allows the assessment up to eight (iTRAQ 8-plex
reagent [25]) or ten individuals (10-plex TMT reagent [26]) in a
single experiment thereby reducing the number of samples to be
analysed dramatically. For example, Yin et al. [27] in their search
for new-onset plasma biomarkers for atherosclerosis used this
approach in an 8-plex iTRAQ experimental setup where plasma
samples from 136 case–control pairs were randomly tagged by six
of the eight iTRAQ channels throughout all iTRAQ mixes (46 in
total) to eliminate age, gender, and examination bias while
ensuring that case-control pairs were assayed in the same iTRAQ
mix to maximize the precision of pair-wise comparisons (Fig. 1B).
The remaining two channels producing the m/z 113 and m/z
117 reporter ions were assigned to the reference samples (pools of
case and control samples). This experimental design allowed the
researcher to select candidate biomarkers for further validation on
the basis of statistical analysis; paired t-test to compare means
between cases and controls, and conditional logistic regression
models.
5. Reducing complexity and protein dynamic range in plasma is
essential in proteomics
Reducing sample complexity is crucial to achieve sufﬁcient
analytical depth of the plasma proteome. It has been estimated
that blood contains maybe more than 1,000,000 proteins when
taking the number of variants due to proteolytic processing, PTM,
splice variants, and SNIPS (single-nucleotide polymorphism) in
account [28]. On top of that, many biological interesting proteins
relevant to CVD are present at very low levels (nanomolar range).
For example, the cardiac markers troponin I and troponin T are
found in the low nanomolar range and the tumour necrosis factor
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in the femtomolar range in pathological states and even lower
when measured in healthy states. Despite the tremendous
developments in the MS technology in this century the sample
complexity of the plasma proteome still exceeds the capability of
the MS instruments for several technical reasons. First, as the
number of peptides that elute from the chromatographic column
into the MS instrument in a given time increases with sample
complexity a higher proportion of the peptides will remain un-
sequenced by the MS instrument. Secondly, the huge dynamic
range of the plasma proteome (1012) far exceeds the dynamic
range of any MS instrument which at best is around four to ﬁve
orders of magnitude [29]. Consequently, on top of the instrumental
limitations such as dynamic range and speed of the MS instru-
ments different approaches to reduce sample dynamic range and
sample complexity and have evolved during time; depletion of
high abundant proteins using chemical or immune chemical
methods and/or chromatographic pre-fractionation of the sample.
Depletion of high-abundant plasma proteins is most often based
on immune depletion methods that are essentially based on multi-
afﬁnity removal systems (MARS) that target up to top 20 proteins
and in the plasma sample or even serial immune depletion by
MARS depletion followed by “SuperMix” depletion where the
second depletion step targets “ﬂow through” proteins from the
ﬁrst depletion step (Fig. 1B) [30]. The use of depletion systems
cause loss of approximately 99% of the sample and enables – when
combined with multidimensional separations approaches such as
strong cation exchange chromatography (SCX) or hydrophilic
interaction chromatography (HILIC) with nano-LC–MS/MS analysis
– the identiﬁcation of more than 1000 unique proteins [31]. Loss of
sample (plasma proteins) rarely causes experimental problems as
plasma on average has a protein concentration of approximately
70 mg per mL and the available amount of plasma available in
clinical settings is often several millilitres. Even in cases where
only very limited amount of plasma is available (mouse experi-
ments, plasma from new born, etc.), e.g. 10 mL plasma samples will
leave one with approximately 35 mg protein per individual for a
proteomic experiment which is sufﬁcient for a multidimensional
fractionation proteomic experiment – for example, a typical
ﬁrst dimension fractionation employing HILIC has a capacity of
30–40 mg providing 15–20 2 mg fractions that subsequently are
analysed by nano-LC–MS/MS analysis resulting in the quantiﬁca-
tion of at least 400–500 unique proteins (2 high conﬁdent peptides
per protein) in iTRAQ experiments (unpublished results, our
laboratory [14]). By contrast, when applying similar multidimen-
sional approached to tissue or cells as many as 6000–7000 conﬁ-
dently identiﬁed proteins are obtained (unpublished results, our
laboratory).
Another promising technology for the proteomic detection of
medium- and low-abundant proteins in plasma include the
combinatorial peptide ligand library (CPLL) approach [32]. This
technology uses a stoichiometric peptide library (say millions of
peptides) immobilized on a solid support (chromatographic beads)
that – in theory – binds all proteins in a proteome with similar
afﬁnity resulting in an enrichment of very dilute protein species
whereas sites (peptides) with afﬁnity for high abundant protein
species rapidly saturates resulting in a dilution of the high
abundant proteins. This enrichment approach was for example
used to detect circulating protein biomarkers for carotid athero-
sclerosis in coronary patients [33], and to search for plasma
biomarkers for aortic stenosis [34].
Other depletion approaches have been reported such as
dithiotrethiol precipitation of serum albumin [35], enrichment
of low molecular weight serum proteins by acetonitrile precipita-
tion [36], afﬁnity enrichment of speciﬁc plasma proteins by
chemical proteomics [37], and more recently, hydrogel particle
trapping of high-abundant plasma proteins [38]. Although
promising, none of these approaches have proven their robustness
and reproducibility in a clinical setting. A well-recognized concern
when using any protein depletion technology is the unintended
removal of low abundant proteins that speciﬁcally or nonspeciﬁ-
cally bind to the proteins targeted for depletion. Several studies
demonstrate that such losses occur when using immune-depletion
columns but at the same time also showed that such losses are
merely neglectable [39,40]. The reproducibility and robustness and
applicability in an automatic setup using LC or FPLC equipment
suggest the commercially available depletion columns to be the
technology of choice in a clinical biomarker discovery and
validation setup.
The protein dynamic range of plasma can be reduced by
multidimensional fractionation prior to the proteomic experiment.
The recent development in proteomic technologies and methods
for sample preparation and enrichment techniques mostly rely on
multidimensional liquid chromatography electrospray tandem
mass spectrometry (2DLC–ESI–MS/MS). In most cases the peptide
sample is off-line fractioned using separation methods that are
orthogonal to the ﬁnal reversed phase nano-LC–MS/MS analysis. At
the peptide level, SCX [41], HILIC [42], high pH reversed phase
chromatography [43] are the methods of choice, whereas and off-
gel electrophoresis [44] and SDS–PAGE gel slides and liquid-phase
IEF are the most commonly methods used at the protein level.
Actually, most proteomic studies in plasma rely on a combination
of sample depletion followed by pre-fractionation in order to gain
sufﬁcient analytical “depth” and to reduce sample complexity.
6. Recent discovery studies in cardiovascular plasma
proteomics
The establishment of viable proteomics platforms evolved
during the past decade – effective depletion and enrichment
methods combined with pre-fraction methods and the evolvement
from capillary LC systems with split-ﬂow to highly robust direct
nano-LC systems and the tremendous development of fast
scanning, high resolution and high sensitive mass spectrometers
– have severely outdated earlier plasma proteome studies in terms
of speed, number of biomarker candidates identiﬁed in each
discovery experiment. This clearly illustrated the fact that a total of
only 289 proteins were identiﬁed in plasma in 2002 [11] to a
number that exceeds 10,000. In other words, less much effort is
required today to similar results as at the onset of this century as
demonstrated by some recent proteomics discovery studies.
For example, a recent study by Yin et al. [27] searched for novel
plasma protein biomarkers of new-onset atheroschlerotic CVD
using a discovery mass spectrometry-based proteomic approach
based on a dual-stage protein depletion strategy followed by
8-plex iTRAQ labelling of tryptic peptides and SCX fractionation
into 9 fractions (Fig. 1B). Each of these fractions were then further
fractioned into 304 fractions by reversed-phase HPLC and directly
spotted onto a MALDI plate for MS/MS analysis by MALDI-TOF/TOF
analysis. By using this approach 831 proteins in 135 myocardial
infarction cases and 135 matched controls were quantiﬁed. Of
them were 587 present in >40 case-control pairs. Single marker
and multiple marker analysis adjusted for established clinical risk
factors demonstrated that seven proteins in aggregate (cyclophilin
A, CD5, MUC18, collagen-a1, [XVIII] chain, salivary a-amylase 1,
C-reactive protein, and multimerin-2) were highly associated with
myocardial infarct and signiﬁcantly improved its prediction as
compared with a statistical model with risk factors alone. Multiple
marker analysis of data from targeted analyses of 59 proteins by
MRM in 336 case-control pairs of atherosclerotic CVD revealed a
combination of four proteins (a-1-acid glycoprotein, paraoxonase
1, tetranectin, and CD5 antigen-like protein) that predicted
incident atherosclerotic CVD and also improved its prediction as
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compared to a statistical model with risk factors alone. It is
noteworthy that, despite the great efforts that have been made to
reduce the dynamic range of the sample and reduce sample
complexity by the application of dual-stage immune-depletion
and peptide fractionation prior to MALDI-TOF/TOF analysis, only
587 proteins were quantiﬁed. Despite this approximately 10%
of them (59 proteins) qualiﬁed for further testing by MRM in
336 case–control pairs whereof seven proteins in aggregation
demonstrated a signiﬁcant association with myocardial infarct
(P < 0.0001). This study clearly demonstrates that it is possible to
develop plasma protein biomarkers from a fairly low number of
proteins quantiﬁed in the discovery study if only the number of
individuals in the study is large enough.
In another study, Kristensen et al. [14] searched for early onset
biomarker for atherosclerosis and used a quantitative proteomic
approach based on immuno-depletion of the most abundant
plasma proteins from pools of samples from individuals without
any cardiovascular symptoms and no sign of coronary calciﬁcation,
individuals with a high coronary calcium score, individuals that
had surgery because of an atherosclerotic diseases, and individuals
suffering from acute coronary syndrome (n = 30 in all four groups)
and four-plex iTRAQ labelling followed by HILIC and titanium
dioxide pre-fractionation, and nano-LC–MS/MS analysis. This
experiment allowed the simultaneous investigation of proteomic
changes occurring along with three manifestations of atheroscle-
rosis. This experimental approach quantiﬁed 731 unique plasma
proteins whereof 319 were only identiﬁed in the eluate from the
titanium dioxide fractionation step. This demonstrates the power
of adding an extra fractionation step that is selective towards a
speciﬁc chemical structure present on a subgroup of peptides – in
present case a phosphorylation. Using this approach 25 proteins
demonstrated a signiﬁcant altered expression as compared to the
control group in at least the group with individuals diagnosed with
acute coronary syndrome, several among them well-known
markers for CVD including apolipoprotein (a) (Apa(a)), C-reactive
protein (CRP), serum amyloid protein A (SAA), that previously has
been associated with CVD such as coronary heart disease,
myocardial infarction and stroke [45–48]. On top of the
identiﬁcation of well-described markers for CVD this study also
identiﬁed one novel marker, vinculin – a multi-linker protein
that acts as connector for cell–matrix adhesions and cell–cell-
adhesions to the actin-based cytoskeleton. This protein was the
top-most elevated protein identiﬁed in the study and its
expression was validated at single patient level means of MRM
whereas the known markers for CVD were validated using
immunoassays. Apo (a), CRP, and SAA were validated by both
immunoassays and MRM and this validation demonstrated a high
agreement between the two methods applied for validation. Major
drawback of this study is, however, that the discovery phase is
performed on pooled sample of a relative low number individuals
included in the study. Moreover, the validation of the top-most
regulated biomarker candidates by MRM analysis performed on
individual samples was performed on the same sample group as
the discovery phase.
A third recent proteomic study aimed for the discovery of novel
diagnostic biomarkers for acute decompensated heart failure
(ADHF) driven by the lack for suitable marker that could
discriminate ADHF patients with or without a history of chronic
heart failure (CHF) with sufﬁcient speciﬁcity and selectivity (the
former represent up to 80% of ADHF patients) [49]. Cardiac courses
of ADHF are diverse and include left ventricular diastolic and/or
systolic dysfunction, right ventricular dysfunction and/or acute
ischaemia [50] and the existing markers for ADHF, B-type
natriuretic peptides (BNP) released from stressed cardiomyocytes,
can diagnose ADHF with high sensitivity but cannot discriminate
between patients that have ADHF or patients with CHF but not
ADHF. Here, the COFRADIC (combined fractional diagonal chro-
matography) technology was used to compare plasma samples of
10 ADHF patients with 10 controls in order to identify novel protein
biomarkers for ADHF (Fig. 1C). With COFRADIC, the large dynamic
range of plasma proteins is circumvented by an N-terminal
enrichment strategy. This strategy included a two-step depletion
approach based on immune depletion of the top-14 proteins
followed by reduction and alkylation of free cysteine residues and
acetylation of free amines (a- and e-amines). The following trypsin
digestion produces two types of peptides: internal peptides with a
free a-amino group and acetyl-blocked N-terminal peptides. The
free N-terminal peptides are then blocked with 2,4,6-dinitroben-
zenesulfonic acid (TNB) to form highly hydrophobic peptides that
enables the isolation of the acetyl-blocked N-terminal peptide
fraction by reversed-phase HPLC. This fraction, that in principle
contain only N-terminal peptides, is separated by nano-LC and
directly spotted onto MALDI targets. A relative quantiﬁcation of
samples from ADHF patients with controls was done by means of
O16/O18-labelling following the trypsin digestion step. Statistical
analysis of microarray (SAM) of the proteomic data revealed
103 signiﬁcantly differentially regulated proteins whereof 49 pro-
teins were retained as potential candidates for further evaluation
in a larger patient cohort. A proof-of-concept of the discovery
platform was achieved by the detection of the “gold standard
marker” of HF; the natriuretic peptide pro-BNP and other
established markers such as C-reactive protein and cystatin-C.
MRM-based quantitative assays were developed for 27 of the
49 selected candidates. The clinical performance of the 27 chosen
candidates was tested in 267 prospectively collected individuals
(76 patients with acute HF, 71 patients with non-cardiac dyspnoea,
80 stable CHF patients, and 40 healthy controls). Downstream
analysis of the 27 marker candidates identiﬁed sulfhydryl oxidase 1
(QSOX1) to be highly sensitive and speciﬁc for ADHF diagnosis in
patients with acute dyspnoea and also signiﬁcantly reduced false
positives and demonstrated the highest speciﬁcity for ADHF
diagnosis in patients with dyspnoea. A major weakness of this
study is, however, that the discovery part of the work only include
10 healthy individuals that is compared with 10 diseased
individuals which is a rather low number of individuals to be
included for a discovery study. It is also not clear how many
proteins that a rather low number of individuals to be included for
a discovery study. It is also not clear how many proteins that were
quantiﬁed across all individuals. Furthermore, the protein identi-
ﬁcation and protein quantiﬁcation is likely to be based on single
peptide as – in theory – only the N-terminal tryptic peptide of each
protein is present after sample preparation. On top of that, several
steps in the sample preparation procedure include chemistries that
may affect the accuracy of this method.
7. From discovery to clinical value: status and perspectives
Once a biomarker candidate has been discovered it should be
conﬁrmed and validated in hundreds to thousands of specimens
before it can be brought into clinical (use) trials. Moreover, it
should be speciﬁc, sensitive and reproducible. The improved
robustness of proteomic discovery technologies has primed an
enormous number of discovery projects, but disappointing few
clinical useful biomarkers have been successfully validated for use
in clinical routine or research practice [51]. In fact, despite a nearly
exponential growth in the number of biomarker publications
during the past 10–15 years, the rate of the introduction of new
protein biomarker has remained surprisingly constant around
1–2 per year [52,53], and even more concerning, none of these
have been discovered by proteomics technologies [53,54]. These
facts strongly indicate serious deﬁciencies in the proteomic
biomarker discovery process that were addressed to be due lack
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of suitable analytical platforms to verify candidate protein
biomarkers in large cohorts/sample sets [55], limited access to
clinical samples that are well-matched according to factors such as
CVD risk factors, medication, gender and age [56], the absence of a
proper organized biomarker development pipeline [57,58], and a
too empirical attitude to biomarker research [59].
The biggest reason, however, for the proteomic technology over
the past decades have not developed new CVD biomarkers and
biomarkers in other ﬁelds as well, is most probably due to
technological limitations. Despite the great excitement of the
technological development of the 2D PAGE technology up through
the 1980s and 1990s until 2002 the total number of proteins that
were identiﬁed in human plasma was 289 [11]. In retrospect – with
today’s knowledge that the human plasma proteome comprises
more than 10,000 proteins – the likelihood to discover novel
plasma protein biomarkers for CVD was very low. At that time the
technology shifted from being 2D gel-based to platforms consist-
ing of multidimensional chromatographic separations of crude
peptide mixtures combined with mass spectrometric analysis.
With this shift in technology, a variety of new sample preparation
methods, such as afﬁnity puriﬁcation of speciﬁc proteins or
removing high abundant proteins by immune chemical methods,
aiming the detection of low abundant proteins in human plasma
samples, have evolved. This, in combination with the recent
tremendous development in speed and sensitivity of mass
spectrometers and development of robust direct nano-ﬂow LC
systems enabled the development of robust proteomic workﬂows
and experimental designs (see, e.g. Fig. 1) that enabled the
in-depth proteomic analysis of plasma.
Another reason for the lack of discovery of clinically useful
protein biomarker by proteomics technologies may relate to the
fact that plasma from cases and controls are often not sampled in
the optimal situation, when considered from a clinical perspective.
There is no doubt that factors like fasting, time of day, timepoint in
the disease progression, comorbidities, and many others inﬂuence
protein concentrations. It is therefore essential that samples for
discovery studies, focused on ﬁnding clinical useful markers, are
sampled in thoughtful way. Optimally, sampling for studies that
aims at ﬁnding clinical relevant markers should therefore use
samples taken in the exact population where the clinical question
is relevant and at exactly the timepoint where the clinical question
is relevant. For example, if the idea is to develop a marker that may
help the clinician to discriminate between intracranial haemor-
rhage vs. arterial occlusion in patients with symptoms of stroke, it
is important to search for biomarkers in samples taken at exactly
the timepoint when this clinical question is relevant, for example
in a population with relevant neurological symptoms at arrival at
the hospital, not taken hours or days later. One challenge is that
these optimal plasma samples are seldom available. Moreover, in
such studies it is important to have good information concerning
the current gold standard for the clinical situation for which a
novel biomarker is intended.
Not every barrier to the discovery of new protein markers are,
however, related to the technology and challenges in the
proteomic analysis, it should also be mentioned that it is very
important for the clinical community to deﬁne which markers
could be of actual use either in research studies or in clinical
situations. For example, it is important to realize that it is not
necessarily important to search for and ﬁnd better estimates for
risk in a certain situation, if it does not help the clinician to
suggest a better management of the patient. Aspects in relation to
this issue should probably be part of the design of discovery
studies, i.e. the samples that are used for the search should reﬂect
the situation in which markers should be used. This is relevant for
all kind of markers, i.e. screening, diagnosis, prognosis, prediction
and also companion diagnostics. Another important barrier to the
development of new CVD biomarkers could be that researchers
historically were looking for the “one and only” biomarker and
have not considered the potential of using combinatorial panels
of markers until recent years where proteomics technology has
enabled the quantiﬁcation of 1000s of plasma proteins instead of
a handful only one decade ago.
In fact, combining known biomarkers in a multiple biomarker
approach might in fact improve the prediction of the risk of
cardiovascular event. This was demonstrated by Wang et al. [60]
who measured the levels of 10 biomarkers and found that levels of
CRP, the urinary albumin-to-creatinine ratio, B-type natriuretic
peptide, homocysteine, and renin strongly predicted risk of death
whereas levels of B-type natriuretic peptide and the urinary
albumin-to-creatinine ration. When these biomarkers were
combined in multi-marker score, individuals with higher multi-
marker scores had a signiﬁcant increased risk of death and major
cardiovascular events than individuals with low multi-marker
scores. The impact of adding the multi-marker scores to the
standard risk factors did only result in a slight increase in the
ability to classify risk. This result was, however, somewhat
predictable as the measured biomarkers in this study and the
risk factors were beforehand correlated – thus interrogating
similar pathways and thereby acts as a proof-of-principle
experiment for the multi-marker approach and excellently
demonstrates the potential of applying novel biomarkers in a
multi-marker approach to improve the prediction of risk of
cardiovascular events.
In conclusion, the recent developments in the proteomic
discovery platforms allowing the detection of even the less
abundant plasma proteins, the establishment of an increasing
number of bio banks and collection of plasma samples, and the
development of even more endowed experimental designs will
undoubtedly lead to the discovery of CVD plasma biomarker
candidates that – alone or when used in combination – have a
larger potential to pass the validation phase and become the next
generation biomarker for CVD in the clinic.
References
[1] P.W. Wilson, R.B. D’Agostino, D. Levy, A.M. Belanger, H. Silbershatz, W.B.
Kannel, Prediction of coronary heart disease using risk factor categories,
Circulation 97 (18) (1998) 1837–1847, doi:http://dx.doi.org/10.1161/01.
CIR.97.18.1837. 9603539.
[2] U.N. Khot, M.B. Khot, C.T. Bajzer, S.K. Sapp, E.M. Ohman, S.J. Brener, et al.,
Prevalence of conventional risk factors in patients with coronary heart disease,
JAMA 290 (7) (2003) 898–904, doi:http://dx.doi.org/10.1001/jama.290.7.898.
12928466.
[3] Biomarkers Deﬁnition Working Group, Biomarkers and surrogate endpoints:
preferred deﬁnitions and conceptual framework, Clin Pharmacol Ther 69 (3)
(2001) 89–95, doi:http://dx.doi.org/10.1067/mcp.2001.113989. 11240971.
[4] N. Fox, J.H. Growdon, Biomarkers and surrogates, NeuroRx 1 (2) (2004) 181,
doi:http://dx.doi.org/10.1602/neurorx.1.2.181.
[5] E.M. Antman, C. Grudzien, D.B. Sacks, Evaluation of a rapid bedside assay for
detection of serum cardiac troponin T, JAMA 273 (16) (1995) 1279–1282, doi:
http://dx.doi.org/10.1001/jama.1995.03520400049043. 7715040.
[6] J.A. de Lemos, M.H. Drazner, T. Omland, C.R. Ayers, A. Khera, A. Rohatgi, et al.,
Association of troponin T detected with a highly sensitive assay and cardiac
structure and mortality risk in the general population, JAMA 304 (22) (2010)
2503–2512, doi:http://dx.doi.org/10.1001/jama.2010.1768. 21139111.
[7] J.T. Saunders, V. Nambi, J.A. de Lemos, L.E. Chambless, S.S. Virani, E. Boerwinkle,
et al., Cardiac troponin T measured by a highly sensitive assay predicts cor-
onary heart disease, heart failure, and mortality in the atherosclerosis risk in
communities study, Circulation 123 (13) (2011) 1367–1376, doi:http://dx.doi.
org/10.1161/CIRCULATIONAHA.110.005264. 21422391.
[8] T.J. Wang, K.C. Wollert, M.G. Larson, E. Coglianese, E.L. McCabe, S. Cheng, et al.,
Prognostic utility of novel biomarkers of cardiovascular stress: the Fra-
mingham heart study, Circulation 126 (13) (2012) 1596–1604, doi:http://dx.
doi.org/10.1161/CIRCULATIONAHA.112.129437. 22907935.
[9] R. Jaumdally, C. Varma, R.J. Macfadyen, G.Y. Lip, Coronary sinus blood sam-
pling: an insight into local cardiac pathophysiology and treatment? Eur Heart J
28 (8) (2007) 929–940, doi:http://dx.doi.org/10.1093/eurheartj/ehm015.
17395678.
[10] G.L. Hortin, D. Sviridov, N.L. Anderson, High-abundance polypeptides of the
human plasma proteome comprising the top 4 logs of polypeptide abundance,
46 H.C. Beck et al. / Translational Proteomics 7 (2015) 40–48
Clin Chem 54 (10) (2008) 1608–1616, doi:http://dx.doi.org/10.1373/clin-
chem.2008.108175. 18687737.
[11] N.L. Anderson, N.G. Anderson, The human plasma proteome: history, char-
acter, and diagnostic prospects, Mol Cell Proteom 1 (11) (2002) 845–867, doi:
http://dx.doi.org/10.1074/mcp.R200007-MCP200. 12488461.
[12] G.L. Hortin, D. Sviridov, N.L. Anderson, High-abundance polypeptides of the
human plasma proteome comprising the top 4 logs of polypeptide abundance,
Clin Chem 54 (10) (2008) 1608–1616, doi:http://dx.doi.org/10.1373/clin-
chem.2008.108175. 18687737.
[13] G. Fanali, M.A. di, V. Trezza, M. Marino, M. Fasano, P. Ascenzi, Human serum
albumin: from bench to bedside, Mol Aspects Med 33 (3) (2012) 209–290, doi:
http://dx.doi.org/10.1016/j.mam.2011.12.002. 22230555.
[14] L.P. Kristensen, M.R. Larsen, H. Mickley, L. Saaby, A.C. Diederichsen,
J. Lambrechtsen, et al., Plasma proteome proﬁling of atherosclerotic
disease manifestations reveals elevated levels of the cytoskeletal protein
vinculin, J Proteom 101 (2014) 141–153, doi:http://dx.doi.org/10.1016/j.
jprot.2013.12.011.
[15] T.P. Conrads, B.L. Hood, T.D. Veenstra, Sampling and analytical strategies for
biomarker discovery using mass spectrometry, BioTechniques 40 (6) (2006)
799–805, doi:http://dx.doi.org/10.2144/000112196. 16774124.
[16] J. Marshall, P. Kupchak, W. Zhu, J. Yantha, T. Vrees, S. Furesz, et al., Processing of
serum proteins underlies the mass spectral ﬁngerprinting of myocardial in-
farction, J Proteome Res 2 (4) (2003) 361–372, doi:http://dx.doi.org/10.1021/
pr030003l. 12938926.
[17] T.A. Addona, X. Shi, H. Keshishian, D.R. Mani, M. Burgess, M.A. Gillette, et al., A
pipeline that integrates the discovery and veriﬁcation of plasma protein
biomarkers reveals candidate markers for cardiovascular disease, Nat Bio-
technol 29 (7) (2011) 635–643, doi:http://dx.doi.org/10.1038/nbt.1899.
21685905.
[18] J. Cox, M. Mann, MaxQuant enables high peptide identiﬁcation rates, indi-
vidualized p.p.b.-range mass accuracies and proteome-wide protein quanti-
ﬁcation, Nat Biotechnol 26 (12) (2008) 1367–1372, doi:http://dx.doi.org/
10.1038/nbt.1511. 19029910.
[19] S.T. Sadiq, D. Agranoff, Pooling serum samples may lead to loss of potential
biomarkers in SELDI-ToF MS proteomic proﬁling, Proteome Sci 6 (2008) 16,
doi:http://dx.doi.org/10.1186/1477-5956-6-16. 18513446.
[20] K.A. Neilson, N.A. Ali, S. Muralidharan, M. Mirzaei, M. Mariani, G. Assadourian,
et al., Less label, more free: approaches in label-free quantitative mass
spectrometry, Proteomics 11 (4) (2011) 535–553, doi:http://dx.doi.org/
10.1002/pmic.201000553. 21243637.
[21] L.N. Mueller, M.Y. Brusniak, D.R. Mani, R. Aebersold, An assessment of software
solutions for the analysis of mass spectrometry based quantitative proteomics
data, J Proteome Res 7 (1) (2008) 51–61, doi:http://dx.doi.org/10.1021/
pr700758r. 18173218.
[22] P.J. Boersema, R. Raijmakers, S. Lemeer, S. Mohammed, A.J. Heck, Multiplex
peptide stable isotope dimethyl labeling for quantitative proteomics, Nat
Protoc 4 (4) (2009) 484–494, doi:http://dx.doi.org/10.1038/nprot.2009.21.
19300442.
[23] S. Wiese, K.A. Reidegeld, H.E. Meyer, B. Warscheid, Protein labeling by iTRAQ:
a new tool for quantitative mass spectrometry in proteome research, Pro-
teomics 7 (3) (2007) 340–350, doi:http://dx.doi.org/10.1002/
pmic.200600422. 17177251.
[24] L. Dayon, A. Hainard, V. Licker, N. Turck, K. Kuhn, D.F. Hochstrasser, et al.,
Relative quantiﬁcation of proteins in human cerebrospinal ﬂuids by MS/MS
using 6-plex isobaric tags, Anal Chem 80 (8) (2008) 2921–2931, doi:http://dx.
doi.org/10.1021/ac702422x. 18312001.
[25] S.Y. Ow, T. Cardona, A. Taton, A. Magnuson, P. Lindblad, K. Stensjo, et al.,
Quantitative shotgun proteomics of enriched heterocysts from Nostoc sp. PCC
7120 using 8-plex isobaric peptide tags, J Proteome Res 7 (4) (2008)
1615–1628, doi:http://dx.doi.org/10.1021/pr700604v. 18290607.
[26] G.C. McAlister, E.L. Huttlin, W. Haas, L. Ting, M.P. Jedrychowski, J.C. Rogers,
et al., Increasing the multiplexing capacity of TMTs using reporter ion iso-
topologues with isobaric masses, Anal Chem 84 (17) (2012) 7469–7478, doi:
http://dx.doi.org/10.1021/ac301572t. 22880955.
[27] X. Yin, S. Subramanian, S.J. Hwang, C.J. O'Donnell, C.S. Fox, P. Courchesne, et al.,
Protein biomarkers of new-onset cardiovascular disease: prospective study
from the systems approach to biomarker research in cardiovascular disease
initiative, Arterioscler Thromb Vasc Biol 34 (4) (2014) 939–945, doi:http://dx.
doi.org/10.1161/ATVBAHA.113.302918. 24526693.
[28] L. Anderson, Candidate-based proteomics in the search for biomarkers of
cardiovascular disease, J Physiol 563 (1) (2005) 23–60, doi:http://dx.doi.org/
10.1113/jphysiol.2004.080473. 15611012.
[29] K.A. Jones, P.D. Kim, B.B. Patel, S.G. Kelsen, A. Braverman, D.J. Swinton, et al.,
Immunodepletion plasma proteomics by tripleTOF 5600 and orbitrap elite/
LTQ-Orbitrap Velos/Q exactive mass spectrometers, J Proteome Res 12 (10)
(2013) 4351–4365, doi:http://dx.doi.org/10.1021/pr400307u. 24004147.
[30] T. Shi, J.Y. Zhou, M.A. Gritsenko, M. Hossain, D.G. Camp, R.D. Smith, et al.,
IgY14 and SuperMix immunoafﬁnity separations coupled with liquid
chromatography–mass spectrometry for human plasma proteomics bio-
marker discovery, Methods 56 (2) (2012) 246–253, doi:http://dx.doi.org/
10.1016/j.ymeth.2011.09.001. 21925605.
[31] R.E. Gerszten, A. Asnani, S.A. Carr, Status and prospects for discovery and
veriﬁcation of new biomarkers of cardiovascular disease by proteomics, Circ
Res 109 (4) (2011) 463–474, doi:http://dx.doi.org/10.1161/CIRCRE-
SAHA.110.225003. 21817166.
[32] E. Boschetti, P.G. Righetti, The art of observing rare protein species in pro-
teomes with peptide ligand libraries, Proteomics 9 (6) (2009) 1492–1510, doi:
http://dx.doi.org/10.1002/pmic.200800389. 19235170.
[33] E. Malaud, D. Merle, D. Piquer, L. Molina, N. Salvetat, L. Rubrecht, et al., Local
carotid atherosclerotic plaque proteins for the identiﬁcation of circulating
biomarkers in coronary patients, Atherosclerosis 233 (2) (2014) 551–558, doi:
http://dx.doi.org/10.1016/j.atherosclerosis.2013.12.019. 24530963.
[34] F. Gil-Dones, V.M. Darde, Alonso-Org, L.F. Lopez-Almodovar, L. Mourino-
Alvarez, L.R. Padial, et al., Inside human aortic stenosis: a proteomic analysis of
plasma, J Proteom 75 (5) (2012) 1639–1653, doi:http://dx.doi.org/10.1016/j.
jprot.2011.11.036. 22178735.
[35] S.E. Warder, L.A. Tucker, T.J. Strelitzer, E.M. McKeegan, J.L. Meuth, P.M. Jung,
et al., Reducing agent-mediated precipitation of high-abundance plasma
proteins, Anal Biochem 387 (2) (2009) 184–193, doi:http://dx.doi.org/10.1016/
j.ab.2009.01.013. 19454248.
[36] R. Kay, C. Barton, L. Ratcliffe, B. Matharoo-Ball, P. Brown, J. Roberts, et al.,
Enrichment of low molecular weight serum proteins using acetonitrile pre-
cipitation for mass spectrometry based proteomic analysis, Rapid Commun
Mass Spectrom 22 (20) (2008) 3255–3260, doi:http://dx.doi.org/10.1002/
rcm.3729. 18803344.
[37] R. Tian, X. Jiang, X. Li, X. Jiang, S. Feng, S. Xu, et al., Biological ﬁngerprinting
analysis of the interactome of a kinase inhibitor in human plasma by a
chemiproteomic approach, J Chromatogr A 1134 (1–2) (2006) 134–142, doi:
http://dx.doi.org/10.1016/j.chroma.2006.08.097. 16982065.
[38] G. Such-Sanmartín, E. Ventura-Espejo, O.N. Jensen, Depletion of abundant
plasma proteins by poly(N-isopropylacrylamide-acrylic acid) hydrogel par-
ticles, Anal Chem 86 (3) (2014) 1543–1550, doi:http://dx.doi.org/10.1021/
ac403749j. 24428553.
[39] H. Keshishian, T. Addona, M. Burgess, D.R. Mani, X. Shi, E. Kuhn, et al.,
Quantiﬁcation of cardiovascular biomarkers in patient plasma by targeted
mass spectrometry and stable isotope dilution, Mol Cell Proteom 8 (10) (2009)
2339–2349, doi:http://dx.doi.org/10.1074/mcp.M900140-MCP200. 19596694.
[40] H. Keshishian, T. Addona, M. Burgess, E. Kuhn, S.A. Carr, Quantitative, multi-
plexed assays for low abundance proteins in plasma by targeted mass
spectrometry and stable isotope dilution, Mol Cell Proteom 6 (12) (2007)
2212–2229, doi:http://dx.doi.org/10.1074/mcp.M700354-MCP200. 17939991.
[41] J. Villén, S.P. Gygi, The SCX/IMAC enrichment approach for global phosphor-
ylation analysis by mass spectrometry, Nat Protoc 3 (10) (2008) 1630–1638,
doi:http://dx.doi.org/10.1038/nprot.2008.150. 18833199.
[42] G. Palmisano, S.E. Lendal, K. Engholm-Keller, R. Leth-Larsen, B.L. Parker, M.R.
Larsen, Selective enrichment of sialic acid-containing glycopeptides using
titanium dioxide chromatography with analysis by HILIC and mass spec-
trometry, Nat Protoc 5 (12) (2010) 1974–1982, doi:http://dx.doi.org/10.1038/
nprot.2010.167. 21127490.
[43] M. Gilar, P. Olivova, A.E. Daly, J.C. Gebler, Two-dimensional separation of
peptides using RP-RP-HPLC system with different pH in ﬁrst and second
separation dimensions, J Sep Sci 28 (14) (2005) 1694–1703, doi:http://dx.doi.
org/10.1002/jssc.200500116. 16224963.
[44] P. Hörth, C.A. Miller, T. Preckel, C. Wenz, Efﬁcient fractionation and improved
protein identiﬁcation by peptide OFFGEL electrophoresis, Mol Cell Proteom 5
(10) (2006) 1968–1974, doi:http://dx.doi.org/10.1074/mcp.T600037-MCP200.
16849286.
[45] P.R. Kamstrup, M. Benn, A. Tybjaerg-Hansen, B.G. Nordestgaard, Extreme li-
poprotein(a) levels and risk of myocardial infarction in the general population:
the Copenhagen City Heart Study, Circulation 117 (2) (2008) 176–184, doi:
http://dx.doi.org/10.1161/CIRCULATIONAHA.107.715698. 18086931.
[46] S.S. Virani, A. Brautbar, B.C. Davis, V. Nambi, R.C. Hoogeveen, A.R. Sharrett,
et al., Associations between lipoprotein(a) levels and cardiovascular outcomes
in black and white subjects: the atherosclerosis risk in communities (ARIC)
study, Circulation 125 (2) (2012) 241–249, doi:http://dx.doi.org/10.1161/CIR-
CULATIONAHA.111.045120. 22128224.
[47] P.M. Ridker, C.H. Hennekens, J.E. Buring, N. Rifai, C-reactive protein and other
markers of inﬂammation in the prediction of cardiovascular disease in women,
N Engl J Med 342 (12) (2000) 836–843, doi:http://dx.doi.org/10.1056/
NEJM200003233421202. 10733371.
[48] M. Kosuge, T. Ebina, T. Ishikawa, K. Hibi, K. Tsukahara, J. Okuda, et al., Serum
amyloid A is a better predictor of clinical outcomes than C-reactive protein in
non-ST-segment elevation acute coronary syndromes, Circ J 71 (2) (2007)
186–190, doi:http://dx.doi.org/10.1253/circj.71.186. 17251664.
[49] A. Mebazaa, G. Vanpoucke, G. Thomas, K. Verleysen, A. Cohen-Solal, M.
Vanderheyden, et al., Unbiased plasma proteomics for novel diagnostic bio-
markers in cardiovascular disease: identiﬁcation of quiescin Q6 as a candidate
biomarker of acutely decompensated heart failure, Eur Heart J 33 (18) (2012)
2317–2324, doi:http://dx.doi.org/10.1093/eurheartj/ehs162. 22733835.
[50] E.R. Levin, D.G. Gardner, W.K. Samson, Natriuretic peptides, N Engl J Med 339
(5) (1998) 321–328, doi:http://dx.doi.org/10.1056/NEJM199807303390507.
9682046.
[51] G. Poste, Bring on the biomarkers, Nature 469 (7329) (2011) 156–157, doi:
http://dx.doi.org/10.1038/469156a. 21228852.
[52] E. Drucker, K. Krapfenbauer, Pitfalls and limitations in translation from bio-
marker discovery to clinical utility in predictive and personalised medicine,
EPMA J 4 (1) (2013) 7, doi:http://dx.doi.org/10.1186/1878-5085-4-7. 23442211.
[53] N.L. Anderson, The clinical plasma proteome: a survey of clinical assays for
proteins in plasma and serum, Clin Chem 56 (2) (2010) 177–185, doi:http://dx.
doi.org/10.1373/clinchem.2009.126706. 19884488.
H.C. Beck et al. / Translational Proteomics 7 (2015) 40–48 47
[54] A.D. Meo, E.P. Diamandis, H. Rodriguez, A.N. Hoofnagle, J. Ioannidis, M. Lopez,
What is wrong with clinical proteomics? Clin Chem 60 (2014) 1258–1266, doi:
http://dx.doi.org/10.1373/clinchem.2014.225185. 24831563.
[55] N.L. Anderson, The roles of multiple proteomic platforms in a pipeline for new
diagnostics, Mol Cell Proteom 4 (10) (2005) 1441–1444, doi:http://dx.doi.org/
10.1074/mcp.I500001-MCP200. 16020426.
[56] D.F. Ransohoff, Bias as a threat to the validity of cancer molecular-marker
research, Nat Rev Cancer 5 (2) (2005) 142–149, doi:http://dx.doi.org/10.1038/
nrc1550. 15685197.
[57] N. Rifai, M.A. Gillette, S.A. Carr, Protein biomarker discovery and validation: the
long and uncertain path to clinical utility, Nat Biotechnol 24 (8) (2006)
971–983, doi:http://dx.doi.org/10.1038/nbt1235. 16900146.
[58] S.A. Carr, L. Anderson, Protein quantitation through targeted mass
spectrometry: the way out of biomarker purgatory? Clin Chem 54 (11)
(2008) 1749–1752, doi:http://dx.doi.org/10.1373/clinchem.2008.114686.
18957555.
[59] N.L. Anderson, The clinical plasma proteome: a survey of clinical assays for
proteins in plasma and serum, Clin Chem 56 (2) (2010) 177–185, doi:http://dx.
doi.org/10.1373/clinchem.2009.126706. 19884488.
[60] T.J. Wang, P. Gona, M.G. Larson, G.H. Toﬂer, D. Levy, C. Newton-Cheh, et al.,
Multiple biomarkers for the prediction of ﬁrst major cardiovascular events and
death, N Engl J Med 355 (25) (2006) 2631–2639, doi:http://dx.doi.org/10.1056/
NEJMoa055373. 17182988.
[61] A. Raizada, S. Bhandari, M.A. Khan, H.V. Singh, S. Thomas, V. Sarabhai, et al.,
Brain type natriuretic peptide (BNP) – a marker of new millennium
in diagnosis of congestive heart failure, Indian J Clin Biochem 22 (1)
(2007) 4–9, doi:http://dx.doi.org/10.1007/BF02912873. 23105644.
[62] Y. Kambayashi, K. Nakao, H. Kimura, T. Kawabata, M. Nakamura, K. Inouye,
et al., Biological characterization of human brain natriuretic peptide (BNP) and
rat BNP: species-speciﬁc actions of BNP, Biochem Biophys Res Commun 173 (2)
(1990) 599–605, doi:http://dx.doi.org/10.1016/S0006-291X(05)80077-4.
2260971.
[63] Y. Kambayashi, K. Nakao, M. Mukoyama, Y. Saito, Y. Ogawa, S. Shiono, et al.,
Isolation and sequence determination of human brain natriuretic peptide in
human atrium, FEBS Lett 259 (2) (1990) 341–345, doi:http://dx.doi.org/
10.1016/0014-5793(90)80043-I. 2136732.
[64] B.P. Shapiro, H.H. Chen, J.C. Burnett Jr., M.M. Redﬁeld, Use of plasma brain
natriuretic peptide concentration to aid in the diagnosis of heart failure, Mayo
Clin Proc 78 (4) (2003) 481–486, doi:http://dx.doi.org/10.4065/78.4.481.
12683700.
[65] J.M. Wilkinson, R.J. Grand, Comparison of amino acid sequence of troponin I
from different striated muscles, Nature 271 (5640) (1978) 31–35, doi:http://
dx.doi.org/10.1038/271031a0. 146828.
[66] J.E. Adams III, G.S. Bodor, V.G. Davila-Roman, J.A. Delmez, F.S. Apple, J.H.
Ladenson, et al., Cardiac troponin I. A marker with high speciﬁcity for cardiac
injury, Circulation 88 (1) (1993) 101–106, doi:http://dx.doi.org/10.1161/01.
CIR.88.1.101. 8319322.
[67] O. Capellan, J.E. Hollander, C. Pollack Jr., J.W. Hoekstra, E. Wilke, B. Tiffany, et al.,
Prospective evaluation of emergency department patients with potential
coronary syndromes using initial absolute CK-MB vs. CK-MB relative index, J
Emerg Med 24 (4) (2003) 361–367, doi:http://dx.doi.org/10.1016/S0736-4679
(03)00030-1. 12745035.
[68] R. Arroyo-Espliguero, P. Avanzas, J. Cosín-Sales, G. Aldama, C. Pizzi, J.C. Kaski,
C-reactive protein elevation and disease activity in patients with coronary
artery disease, Eur Heart J 25 (5) (2004) 401–408, doi:http://dx.doi.org/
10.1016/j.ehj.2003.12.017. 15033252.
[69] M.J. Hung, W.J. Cherng, N.I. Yang, C.W. Cheng, L.F. Li, Relation of high-sensitivity
C-reactive protein level with coronary vasospastic angina pectoris in patients
without hemodynamically signiﬁcant coronary artery disease, Am J Cardiol 96
(11) (2005) 1484–1490, doi:http://dx.doi.org/10.1016/j.amjcard.2005.07.055.
16310426.
[70] S.J. Shah, G.M. Marcus, I.L. Gerber, B.H. McKeown, J.C. Vessey, M.V. Jordan, et al.,
High-sensitivity C-reactive protein and parameters of left ventricular dys-
function, J Card Fail 12 (1) (2006) 61–65, doi:http://dx.doi.org/10.1016/j.
cardfail.2005.08.003. 16500582.
[71] E. Braunwald, E.M. Antman, J.W. Beasley, R.M. Califf, M.D. Cheitlin, J.S.
Hochman, et al., ACC/AHA 2002 guideline update for the management of
patients with unstable angina and non-ST-segment elevation myocardial
infarction – summary article: a report of the American College of Cardiology/
American Heart Association Task Force on Practice Guidelines (Committee on
the Management of Patients with unstable angina), J Am Coll Cardiol 40 (7)
(2002) 1366–1374, doi:http://dx.doi.org/10.1016/S0735-1097(02)02336-7.
12383588.
[72] M.A. Austin, M.C. King, K.M. Vranizan, R.M. Krauss, Atherogenic lipoprotein
phenotype. A proposed genetic marker for coronary heart disease risk, Cir-
culation 82 (2) (1990) 495–506, doi:http://dx.doi.org/10.1161/01.CIR.82.2.495.
2372896.
[73] P. Stubbs, M. Seed, D. Lane, P. Collinson, F. Kendall, M. Noble, Lipoprotein(a) as a
risk predictor for cardiac mortality in patients with acute coronary syndromes,
Eur Heart J 19 (9) (1998) 1355–1364, doi:http://dx.doi.org/10.1053/
euhj.1998.1043. 9792261.
[74] M. Seed, E. Doherty, P. Stubbs, Lipoprotein (a): a prothrombotic risk factor for
coronary artery disease, J Cardiovasc Risk 2 (3) (1995) 206–215, doi:http://dx.
doi.org/10.1097/00043798-199506000-00005. 7584795.
[75] M. Benn, B.G. Nordestgaard, G.B. Jensen, A. Tybjaerg-Hansen, Improving
prediction of ischemic cardiovascular disease in the general population using
apolipoprotein B: the Copenhagen City Heart Study, Arterioscler Thromb Vasc
Biol 27 (3) (2007) 661–670, doi:http://dx.doi.org/10.1161/01.
ATV.0000255580.73689.8e. 17170368.
[76] M.J. McQueen, S. Hawken, X. Wang, S. Ounpuu, A. Sniderman, J. Probstﬁeld,
et al., Lipids, lipoproteins, and apolipoproteins as risk markers of myocardial
infarction in 52 countries (the INTERHEART study): a case–control study,
Lancet 372 (9634) (2008) 224–233, doi:http://dx.doi.org/10.1016/S0140-6736
(08)61076-4. 18640459.
48 H.C. Beck et al. / Translational Proteomics 7 (2015) 40–48
